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Introduction 

This report describes the design and construction of two additional stress corrosion 
crack growth test systems at Pacific Northwest National Laboratory (PNNL) as part of 
project N6925 for the U.S. Nuclear Regulatory Commission.  The objective of the N6925 
research program is to obtain crack-growth rate (CGR) data to evaluate primary water 
stress corrosion cracking (PWSCC) susceptibility of high-chromium, nickel-base alloy 
690 and its weld metals.  In addition, work is being performed to determine the 
relationship between PWSCC susceptibility and metallurgical characteristics, and 
evaluate potential PWSCC mitigation methods.  These objectives are being 
accomplished by conducting CGR measurements on multiple heats of Alloy 690, 152, 
52, 52M and other weld metal compositions.  A key part of initial project activities has 
been the construction of two additional SCC-CGR test systems as summarized in this 
report. 
 
Design of SCC Crack-Growth-Rate Systems:  NRC #4 and NRC #5 

The purposes of the crack-growth systems are to develop, control, and measure SCC 
growth rates under well-defined material and environmental conditions, and ensure that 
the SCC response is reproducible and characteristic of the test conditions.  Features 
expected in a good crack-growth system include active constant K load control, active 
temperature control, a sensitive crack length measurement apparatus, a flowing high-
temperature water system, control over all aspects of water chemistry, and continuous 
monitoring of all pertinent test parameters.  Following on the design of the existing test 
systems in place at PNNL, two new NRC systems were built with some design aspects 
improved upon, and more up-to-date parts were chosen when advantageous.  The list 
below highlights the key features, specifications and components used in PNNL's SCC 
growth rate test systems. 
 
Test Environment 
• Ability to test up to two 1T and up to three 0.5T compact tension (CT) specimens in 

series. 
• Recirculating water autoclave. 
• Achieve water temperature up to 360°C in the test chamber with a uniform water 

temperature distribution in the region where test specimens are located. 
• Water temperature is stable to within ±0.5°C (typically needed to maintain required 

in situ crack length measurement stability). 
• Water pressure fluctuations generated by the high pressure water pump are damped 

to less than 4 psi peak-to-peak. 
• Low frequency (≤ 0.001 Hz) water pressure fluctuations, typically due to the interplay 

between pump flow rate drift and the back-pressure regulator, are less than 50 psi 
peak-to-peak. 

• Autoclave recirculation rate of up to four exchanges per hour. 
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Water Chemistry 
• Recirculating closed-loop water board. 
• Mixed bed demineralizer. 
• Autoclave outlet conductivity of less than 0.08 µS/cm when flowing deaerated water. 
• Automated and manual injection of stock solutions for water chemistry control. 
• Ability to continuously maintain simulated LWR water chemistry conditions (e.g., 

PWR primary water with 1000 ppm B, 2.0 ppm Li) for up to 1 year. 
• Ability to select and control amounts of dissolve gases (e.g., O2, H2) in the water. 
 
Test Monitoring 
• Insitu crack length measurement with peak-to-peak noise of 2 µm or less. 
• Continuous measurement of crack length, water temperature, mixing loop water 

conductivity, autoclave water outlet conductivity, corrosion potential, specimen load 
and specimen stress intensity. 

• Automated data acquisition. 
• Ability to quickly generate real-time plots of ongoing test data. 
• Ability to measure inlet and outlet water chemistry and pH via grab samples. 
 
Test System Generalities 
• Long-term stable operation with continuous loading enabling crack growth tests to 

be routinely performed for times of 1 year without interruption. 
• Maximum continuous load of 5000 lbs (needed to test 1T CTs). 
• Load deviations from the target load of no more than 6 lbs peak-to-peak. 
• Load cycling frequency range from 0.0001 Hz to 5 Hz. 
• Load cycling waveform types include sawtooth, sinusoidal, and trapezoidal 
• Can remotely monitor and control key test parameters. 
• Can remotely download and analyze data. 
 
Each of the subsystems will be discussed in further detail below.  The flow of water 
throughout the system is designed to be a loop within a loop as shown in Figure 1.  One 
loop is at low pressure, and its purpose is to flow water through a mixing column where 
selected gases, prototypic primary water chemicals, and ionic impurities are dissolved 
or injected into the water.  A side stream is taken off this low-pressure loop and fed into 
a high-pressure piston pump.  The large pressure pulses and flow surges created by the 
piston pump are dampened by the use of pulsation dampers both at the inlet and outlet 
of the pump.  The high-pressure water flows into a regenerative heat exchanger where 
hot water leaving the autoclave is used to heat the incoming water.  Just prior to the 
water entering the autoclave, the partially heated water is brought up to test 
temperature using a preheater.  After the water flows through the heated autoclave, it 
goes back through the regenerative heat exchanger and then through a coolant loop 
using building chilled water that brings the system water back down to room 
temperature.  The cooled water then passes through a back-pressure regulator and 
emerges at around 15 psi of pressure.  The water flows through a flow meter, a 
conductivity sensor, a mixed resin bed demineralizer, and is finally pumped back into 
the low-pressure chemistry mixing control loop. 
 
  



 4

Water Chemistry Control 
Boron and Li levels for PWR water testing are controlled by pre-saturating a mixed resin 
bed demineralizer (used for ionic impurity control) with boric acid and lithium hydroxide 
to specific levels that will result in a tailored, near-constant B and Li content in the water.  
There is some drift in the Li level in the water because it is singly ionized and is easily 
displaced from the demineralizer by more highly positively ionized species released in 
the autoclave environment such as chromate.  The displaced Li is removed by periodic 
partial replacement of water in the mixing loop with water having little or no Li (and 
some B).  Boron and Li levels in the mixing loop are estimated using software that 
determines B and Li content from simultaneous measurement of water conductivity, pH, 
and temperature. 

 
 
Figure 1. Water Flow Diagram for PNNL Crack-Growth-Rate Systems. 
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Servo-Electric Motor 
Specimen loading is applied by using a servo-electric motor attached to the test frame 
as shown in Figure 2.  The servo-electric motor is controlled using proprietary software 
developed by Dr. Peter Andresen of General Electric Global Research (GEG).  Using 
DCPD data, the software can continuously adjust the servo-electric motor to provide 
constant K loading conditions.  Load from the servo-electric motor is transmitted into the 
autoclave with a pullrod, and the sample is braced from above by a top plate and 4-bar 
linkage that transmits load to the baseplate of the autoclave which is bolted to the test 
frame.  The combination of the software control and the servo-electric motor enables 
simple or complex loading cycles to be applied with frequencies up to ~3 Hz and 
variable rise, fall, and hold times.  An important benefit of a servo-electric loading 
system is its remarkable load stability over extremely long test times. 
 

 
    
Figure 2. Close Up Image Showing Servo-Electric Motor as part of the PNNL Crack-
Growth-Rate Test Frame Loading System. 
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Electronics 
Crack length is estimated using a reversing DCPD system developed by Peter 
Andresen of GEG.  A sketch of the wiring layout is shown in Figure 3.  As with all DC 
potential drop measurement systems, a constant current is run though the specimen, 
and the voltage across the crack plane is measured and converted into a crack length 
by means of an empirically derived formula relating voltage to crack length.  Using a 
solid-state polarity-reversing switch built into the current path, potential drop is 
measured in both a forward and reverse current flow condition.  By measuring in both 
directions, the system eliminates contact voltages from the measurement.  Our previous 
test experience has demonstrated excellent insitu crack length measurement 
sensitivities and the ability to reproducibly measure crack length changes on the order 
of 1 µm during SCC crack growth tests in high-temperature water. 
 
 

 
 
Figure 3. Schematic of Crack-Growth-Rate Test DCPD System. 
 
The GEG software also controls the operation of the DCPD system.  Platinum wire is 
used for current and voltage feeds into the autoclave.  For PWR primary water testing 
where the water temperature exceeds the operation limit of polytetrafluoroethylene 
(PTFE-Teflon), the Pt wire feeds inside the autoclave are insulated with segmented 
ceramic tubing.  Since the segmented insulation can allow some crosstalk in the voltage 
wires, the individual wires are positioned to ensure adequate separation to minimize this 
issue.  In addition, the current wires are kept away from the voltage measurement wires.  
The sample is electrically insulated from the load train through a series of ceramic 
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spacers and sleeves.  Spot welding is used to attach the Pt wires to a specimen.  The 
spot weld locations are marked on the sample prior to inserting the sample into the load 
train. 
 
The PNNL systems have the capability to monitor autoclave water outlet conductivity, 
mixing loop water conductivity, autoclave temperature, autoclave water flow rate, 
dissolved oxygen, water pressure, DCPD current, and DCPD voltage.  With the 
exception of water pressure and flow rate, these parameters are recorded in the test 
data file.  Statistical information on temperature and current fluctuations are also 
recorded.  Additionally, messages describing changes in test conditions and other 
issues are a permanent part of the data record. 
 
Construction and Initial Testing Timeline for the Two New SCC Crack-
Growth-Rate Systems 
 
Component Purchases and Initial Lab Setup 
The first steps in the construction of the two new test systems involved processing 
orders for the large number of individual components and parts.  Most orders were 
placed in May-July 2010 timeframe for both test systems with final components received 
in December 2010.  A complication during this time was the move of our entire SCC 
crack-growth laboratory to the new Physical Science Facility (PSF).  The overall layout 
of the new laboratory in the 3410 building shown in Figure 4 indicating the location of 
the three existing NRC test systems (NRC #1, NRC #2 and NRC #4) along with the two 
new systems constructed as part of this project (NRC #3 and NRC #5).  The assigned 
numbering sequence was used because of the location of available services when the 
existing three systems were installed.  The first new system (NRC #3) constructed was 
placed among the existing systems along the east wall of the laboratory and the second 
system (NRC #5) was placed in the center of the laboratory.  This position for NRC #5 
delayed initial construction for a few months as services were completed to this location. 
 
Construction and Assembly Activities 
Systems NRC #3 and #5 both required ~6 months to construct.  This included the 
associated lab modifications needed to support the equipment and supply the required 
services (electrical power, chilled water, specialty gases and network capabilities).  
Updated components were used in several instances.  For example, the conductivity 
meters, computers, UPSs, and Skala servo-electric motors were all new versions of 
these components.  The NRC #5 system also has a new controller and programming 
capabilities for the servo-electric motor.  As per our standard assembly practice of the 
wetted portions of our systems, clean tools and rubber gloves were used so that the test 
systems would have the highest possible water purity.  Crafts activities were carefully 
coordinated requiring continuous communication with service staff and managers to 
ensure construction went smoothly and on schedule. 
 
Construction of NRC #3 began in September 2010.  The unistrut framework that 
supports the waterboards, heat exchangers and specialty gases was finished in August 
2010, just prior to final relocation of all SCC lab equipment.  Available in-house 
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components (waterboards, tubing and load frames) were fabricated first.  The 
waterboard for NRC #3 was installed onto the unistrut framework followed by the 
fabrication of the stainless tubing lines.  By the end of October, the waterboard was 
finished including all ordered components.  The load frame and Pulsafeeder pump were 
then anchored into place and specialty gases from wall were connected to glass 
column.  Installation of the autoclave and Skala servo-electric motor onto the load frame 
components came next.  By the early January 2011, the computer rack and 
instrumentation was in place with all DCPD wiring ran to the load frame.  Final weeks of 
construction for NRC #3 consisted of finalizing the load line alignment.  Construction of 
NRC #3 system was completed in early February and shakedown tests were performed 
in March 2011.   
 

 

 
 
Figure 4.  Layout of the PNNL SCC Laboratory in the 3410 Materials Science Building. 
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Most construction activities for NRC #5 began in December 2010 and progressed 
differently due to the extended period of time needed to route and distribute services to 
the center island of the lab.  The unistrut framework for the island services was installed 
into the ceiling, followed by connections to electrical systems, specialty gases and 
chilled water.  Electrical work required several weeks to complete and, during this time, 
the unistrut framework was installed, the waterboard mounted, the load frame was 
anchored into the floor and the computer system were setup.  When the electricians 
finished their tasks in January 2011, the stainless steel tubing and components for the 
waterboard were installed along with the Pulsafeeder pump and load frame 
components.  Final tasks for NRC #5 were finished in late March with shakedown tests 
performed in April.   
 
System Setup and Initial Testing   
Both new systems exhibited normal initial startup issues such as chasing down minor 
leaks and learning how to adapt new equipment to the crack-growth system software.  
Shakedown testing activities demonstrated typical performance at temperatures up to 
360°C. Images of the two completed systems are presented in Figures 5, 6 and 7.    
 
The first programmatic SCC tests for NRC #3 began in April on two cold-worked alloy 
690 plate specimens.  An example of the initial precracking and transitioning stages are 
documented in Figure 8.  After discussion with the NRC project manager, the decision 
was made to use NRC #5 to test 1/4T CT specimens.  This required a delay in startup 
of programmatic testing to allow machining of special grips, straps, and load line 
equipment needed to evaluate 1/4T CT specimens.  Tests on the 1/4T CT specimens 
are now scheduled to begin in June. 
 
Summary 
 
Two additional SCC crack growth systems have been successfully completed and 
shakedown tested at PNNL.  One of these systems is currently evaluating crack growth 
response for alloy 690 materials and the other is undergoing modifications to enable 
1/4T CT specimens to be tested. 
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Figure 5. Crack-Growth Test System NRC #3 when it was Near Completion and Before 
the Initial Shakedown Test.  Computer control rack is on left.  Off-white jacket is the 
heating blanket that surrounds the autoclave lid.  Plastic bag is placed over autoclave 
internals for cleanliness during set up. 
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Figure 6. Crack-Growth Test System NRC #5 Shown During Initial High-Temperature 
Shakedown Testing. 
 

 



 12

 
 
Figure 7. Two 0.5 CTs Specimens Mounted in NRC #3 prior to initial shakedown and 
SCC testing in series in Autoclave Support of SCC Crack-Growth Testing. 
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Figure 8. Test data from NRC #3 for CT059&60 showing initial pre-cracking and 
transitioning steps. 
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